The aim of this study is to develop a functionally graded material (FGM) of biodegradable poly (L-lactic acid) (PLLA) with a hardness gradient. For this purpose, the PLLA was extruded at elevated temperatures to introduce molecular orientation. Two types of extrusion, direct extrusion and equal channel angular (ECA) extrusion, were carried out. Heat treatment without extrusion was also carried out at 50 C, 60 C and 70 C. For the mechanical property characterization, the hardness distributions were investigated using a Vickers microhardness tester. Biodegradability of PLLA FGM was measured by evaluating the mass decreasing ratio after incubation in a physiological saline solution at 37 C. It was found that the PLLA FGMs with symmetric and asymmetric hardness gradients could be fabricated by direct extrusion and ECA extrusion at elevated temperature, respectively. Although in the initial state the mass of PLLA gradually increased with the softening of the FGM, it started to decrease after two weeks.
Introduction
There is a strong demand for bone substitution materials in clinical medicine. Currently, many materials are proposed for the filling of bone defects. However, metallic or ceramic materials are not the best bone substitution materials, since they are too hard to connect these materials to the bone. Moreover metal ions and particles of debris are released during lengthy implantation. These released materials are responsible for long-term toxic effects, such as carcinogenicity. [1] [2] [3] In addition, the metal implants interfere with X-ray and tomographic imaging. These disadvantages are avoided by the use of biodegradable organic implants for orthopedic applications. Among them, poly (L-lactic acid) (PLLA) is a promising new non-toxic biodegradable material for medical application. As the fields of biotechnology and tissue engineering are gaining more prominence, the use of PLLA to assist in tissue healing is also growing. Unfortunately, no presently available material is able to fulfill all requirements: biocompatibility, mechanical strength and unlimited availability. 4) Meanwhile, a functionally graded material (FGM) is a graded material whose composition and/or microstructure gradually changes within the material. 5, 6) Since the properties of the material are controlled by its composition and microstructure, the FGM will have a properties gradient. It has been demonstrated that the FGMs have potential uses in a variety of fields not only in mechanical applications but also in electronic, chemical, optical, nuclear and biomedical applications. It is known that several of the organs of animals such as skin, blood vessels and bones are composed of multilayers that have different properties. These layers bind together with each other creating, in effect, the FGM. Then, incompatibility and separation at the interface never occur under normal physiological condition. The concept of FGMs can be transported to biomaterials designed for filling bone defects.
It is well known that the degrees of crystallinity and orientation of polymer chains influence the mechanical properties of the polymer materials. 7, 8) The crystallization of polymer materials depends on the thermal process. On the other hand, the orientation of polymer is caused by the shear deformation during the plastic deformation. 9) Therefore, by introducing thermal and/or shear deformation distributions within the PLLA, one can fabricate the PLLA FGM with mechanical properties gradient.
With the above in mind, the present work was undertaken with the objective of developing an FGM of biodegradable PLLA with hardness gradient. The PLLA is extruded at elevated temperatures to introduce molecular orientation. Where extrusion is the process by which a block of material is reduced in cross section by forcing it to flow through a die orifice under high pressure. 10) Two types of extrusion, direct extrusion and equal channel angular (ECA) extrusion, were carried out, where ECA extrusion is a new method to impose large plastic strains and develop ultrafine microstructures in metals. 11, 12) By using ECA extrusion, high shear strain can be obtained by passing the material through a die without any change in the billet dimensions. Heat treatment without extrusion was also carried out at 50 C, 60 C and 70 C. The hardness distribution was measured by a Vickers microhardness tester. In addition, biodegradability of PLLA FGM was measured by evaluating the mass decrease after incubation in a physiological saline solution at 37 C. Based on the experimental results, potential applications of this FGM are discussed.
Experimental Procedure
The material used is granular poly (L-lactic acid) (PLLA), which has a molecular weight of 10000. Two types of extrusion were carried out. One is direct extrusion, and Fig. 1 shows the schematic illustration of the die for the direct extrusion performed in this study. The inside of the die is coated by diamond like carbon (DLC). The semi-die angle was 45 or 90 , and extrusion ratio was 11. Using the direct extrusion, it is expected that a symmetric hardness distribution could be introduced in the PLLA samples.
Another extrusion method is ECA extrusion after the direct extrusion. The schematic illustration of the direct extrusion plus ECA extrusion die used in the present study is shown in Fig. 2 . The pre-direct extrusion was necessary to make a bulk PLLA, since the unprocessed PLLA has granular shape. When a specimen is pressed through the die of the form illustrated in Fig. 2 , the strain, ", introduced by passage through the die can be calculated by 12) " ¼ ð2=
For the present experiments where È ¼ 90 and ¼ 0 , it follows from the eq. (1) that " ¼ 1:15. It is shown that a large distortion with asymmetric flow is induced after a single pass of ECA extrusion. 13) Therefore, in the case of a single pass ECA extrusion, a skewed hardness distribution should appear.
Tested temperatures were 50 C, 60 C and 70 C, and the ram speeds of the press were 10 mm/min, 20 mm/min and 30 mm/min. Heat treatment without extrusion was also carried out at 50 C, 60 C and 70 C. The hardness distributions were investigated using a Vickers microhardness tester using an applied load of 50 g along the radial direction of rod shaped samples ( Figs. 1 and 2 ). The PLLA FGMs used for biodegradability tests were fabricated by direct extrusion at 60 C with semi-die angle of 90 . The PLLA FGMs were incubated in a physiological saline solution (0.9% NaCl solution) at 37 C. After an appropriate period, the mass of PLLA FGM was measured.
Results and Discussion

Direct extrusion
Before a series of extrusion experiments, the Vickers microhardness was measured for heat-treated samples. The obtained hardness distributions are shown in Fig. 3 . In this figure, the abscissa represents the position in the radial direction of the rod shaped samples, where 0 mm corresponds to the center of the rod. As can be seen, hardness gradient cannot be introduced by the heat treatment alone.
The position dependence of the hardness along the radial direction after the direct extrusion with semi-die angle of 45 at elevated temperatures is shown in Fig. 4 . The ram speed of the press was 20 mm/min. The most remarkable result shown in this figure is that the hardness is gradually distributed and the distribution shows symmetry in the sample extruded at 60 C, although the hardness distributions in the samples extruded at 50 C and 70 C show no obvious gradients. It is suggested that an FGM of biodegradable PLLA with hardness gradient can be successfully fabricated by the direct extrusion at 60 C. . The hardness distribution after extrusion or heat treatment within the rod shaped sample was measured along the radial direction. Since the glass transition temperature of PLLA is known to be about 50 C, 14) the molecular chain in the amorphous part of sample begins to move over this temperature. The hardness of crystallized polymer in general strongly influenced by the amount of strained tie-chains, which connects crystallites to each other. The tie-chain in the amorphous part of polymer must be strained with the orientation of molecular chain at the die during the extrusion, and may be relaxed before solidification. Moreover, the temperature of the sample is increased by heat generation done by the work at the die; where the heat conductivity of PLLA is far lower than that of the die. Therefore, the hardness distribution observed for the sample extruded at 60 C should be caused by the temperature distribution after the die-extrusion, since the tie-chain at the center part relaxed faster than that of outer part. On the other hand, while the whole chain was supposed to relax for the sample extruded at 70 C, no obvious gradient was found for this sample.
Next, we have studied the effect of ram speed of the press on the hardness gradient. Extrusion temperature was fixed to be 60 C, and used semi-die angle was 45 . Figure 5 shows the obtained hardness distributions. It is seen that a notable effect of ram speed of the press on the hardness gradient was found. Note that the hardness distributions in both samples extruded with 10 mm/min and 20 mm/min ram speeds are, again, gradually distributed with symmetry, although the hardness distribution in the sample extruded with 30 mm/min ram speed is flat. Moreover, a steep graded distribution of hardness is formed for the sample extruded with 20 mm/min ram speed.
The above hypothesis, temperature distribution generates the hardness distribution, is also applicable to explain the experimental results in Fig. 5 . It is believed that the higher ram speed leads to higher temperature. Therefore, during the high ram speed extrusion, whole tie-chains within the sample were relaxed. In contrast, almost no relaxation occurred for the low ram speed extruded sample. This leads to the appearance of the ram speed dependence on the hardness distribution.
To study the effect of semi-die angle on the hardness gradient, direct extrusion was carried out with semi-die angle of 90 at 60 C or 70 C. The ram speed of the press was fixed to be 20 mm/min. Figure 6 is a plot of the hardness as a dependence of the sample position. As can be seen, a small gradient was obtained for the sample extruded at 60 C. This is in agreement with the result obtained by the direct extrusion with semi-die angle of 45 (Fig. 4) . On the other hand, an increase in hardness around the surface was observed in the sample extruded at 60 C, as well as the sample extruded with semi-die angle of 45 at 60 C. It should be pointed out that thickness of hardened regions for the Fig. 7 , where the semi-die angle and extrusion temperature were 90 and 60 C, respectively. The data in Fig. 7 allowed us to estimate that the most suitable ram speed is 20 mm/min, which agree with the results for the sample extruded with semi-die angle of 45 . Let us now discuss the origin of hardness distributions within the samples. As already mentioned, the degrees of crystallinity and orientation influence the mechanical properties of the polymer materials. 7, 8) The polymer crystallization depends on the processing temperature, while the orientation of polymer chains is caused by shear deformation of polymer materials. 9) In this study, no change of hardness distribution was found for the heat-treated sample. Therefore, it is concluded that there was no hardness distribution on preprocessed sample and that the crystallization did not occur even at 70 C. In contrast, it was found that a smooth gradient in hardness was found for the extruded sample. During the extrusion, it is known that the center of billet undergoes essentially pure elongation, while the sides of the billet undergo extensive shear deformation. This deformation pattern distribution causes the degree of orientation distribution within the extruded sample; as a result hardness gradient is introduced. If a larger shear deformation is introduced to the PLLA billet, larger thickness of hardened regions should appear. This is the case of the sample extruded with semi-die angle of 90 . Then, one might expected that if a strong shear deformation with a skewed distribution is given to the PLLA billet, one can obtain the PLLA FGM with a skewed hardness distribution. For this purpose, the PLLA billet was extruded using the ECA extrusion die. Figure 8 shows the hardness distributions within the ECA extruded samples. Only 1 pass of extrusion was carried out. The ECA extrusion temperatures were 60 C and 70 C, and the ram speed of the press was 20 mm/min. As observed in Fig. 8 that the hardness of PLLA, which was ECA extruded at 60 C, shows a skewed distribution, although small gradient in hardness was formed in the sample extruded at 70 C.
ECA extrusion
Moreover, both surfaces of the sample extruded at 60 C have a high hardness. These regions have high orientation of PLLA, which should be induced by pre-direct extrusion or friction with the ECA extrusion die. In the case of ECA extrusion, it was found that the suitable extrusion temperature was 60 C. The effect of ram speed of the ECA extrusion on the hardness gradient was studied, and results are shown in Fig. 9 . Extrusion temperature was 60 C. It is worthwhile to notice that the smooth and skewed distributions were formed in the samples extruded with ram speeds of 10 and 20 mm/min. In this way, the FGM of biodegradable PLLA with skewed hardness gradient can successfully be fabricated by the ECA extrusion by controlling the distribution of shear deformation of PLLA. This fact also supports our previous conclusion that the hardness gradient is mainly caused by the gradient in the orientation of PLLA.
Biodegradability
It is well recognized that processing techniques influence bulk mechanical properties and biodegradability exists for the PLLA.
15) It is, therefore, expected that biodegradation property may be distributed gradually along the radial direction within the samples, as well as the mechanical properties. In the case of bone remodeling, degradation and regeneration of bone take place simultaneously. So, in order to replace implant materials by native tissue efficiently, it is very important that the implant materials are degraded in accordance with tissue regeneration. From these viewpoints, it is very useful to give FGM structure to biodegradable implant materials, especially bone remodeling. Degradation of PLLA in a physiological saline solution at 37 C is shown in Fig. 10 . The mass of PLLA was gradually increased with softening of FGM in the initial stage. About two weeks later, however, the mass of PLLA decreased. These FGMs showed about 80% mass loss at 7 weeks. The ram speed of the press affects no significant difference to degradation of PLLA. It is well known that the degradation of PLLA is enhanced by the enzyme like proteinase K. 16) Since the main mechanism of the degradation of PLLA is hydrolysis, PLLA does not easily degrade in the physiological saline. In this experiments, molecular weight of PLLA was about 10,000. The crystallinity, molecular orientation, strength, and biodegradability are strongly dependent on the molecular weight of the component polymers, because the interpenetrating polymer network and steric complementarity are important to control the molecular orientation. We are currently investigating the further experiments by using the PLLA with larger molecular weight, since the molecular weight of polymer strongly influences its mechanical properties. It must be noted here that the fabrication method proposed in this study is potentially applicable to mass production of both small and large FGMs of biodegradable PLLA at a low cost. We believe that an optimum bone substitution material could be adapted to a defect in terms of its graded structure.
Conclusions
In this study, we investigate the feasibility of FGM of biodegradable PLLA with hardness gradient. The PLLA is extruded at elevated temperatures to introduce molecular orientation. Biodegradability of obtained PLLA FGM was measured by evaluating the mass decreasing ratio after incubation in a physiological saline solution at 37 C. The obtained results are summarized as follow.
(1) It was found that the distribution of hardness for the heat-treated sample was not graded but had a zigzag distribution. In contrast, the PLLA FGM with a symmetric hardness gradient can successfully be fabricated by the direct extrusion. (2) The PLLA FGM with a skewed hardness gradient can be fabricated by the ECA extrusion by controlling the distribution of shear deformation of PLLA. (3) Although in the initial stage the mass of PLLA gradually increased with softening of the FGM, it started to decrease about two weeks later. These FGMs showed about 80% mass loss at 7 weeks.
